Protein phosphorylation represents one of the key regulatory events in physiological insulin secretion from the islet ␤-cell. In this context, several classes of protein kinases (e.g. calcium-, cyclic nucleotide-and phospholipid-dependent ␤-cell and (v) 
Introduction
Insulin secretion from the pancreatic ␤-cell is regulated principally by the ambient concentration of glucose [1] . However, the molecular and cellular mechanisms underlying the stimulus-secretion coupling of glucose-stimulated insulin secretion (GSIS) remain only partially understood. In this context, it is widely accepted that GSIS is mediated largely via the generation of soluble second messengers, such as cyclic nucleotides, hydrolytic products of phospholipases (PLases) A2, C and D [2] [3] [4] [5] [6] [7] [8] [9] [10] [2] [3] [4] [5] [6] [7] [8] [9] [10] . [11] [12] [13] . The pancreatic islet ␤-cell is unusual in that regard since glucose, the major physiological agonist, lacks an extracellular receptor. [2] [3] [4] [5] [6] [7] [8] [9] [10] [18- [18] ). In addition to this, the two-component regulatory system is well described in prokaryotes; these signalling steps are involved in coupling the extracellular stimuli (e.g. pH, temperature, chemoattractants and osmolality) to various cellular functions, including transcription, differen tiation and bacterial chemotaxis [19] [20] [21] [22] [23] [24] [25] [26] . It is well documented that specific and functionally defined signalling steps involving histidine kinases trigger cellular responses to various environmental stimuli in the two-component regulatory systems [19] [20] [21] [22] [23] [24] [25] [26] 
. The principal signalling cascade of GSIS is initiated by the glucose transporter protein (i.e. Glut-2)-mediated entry of glucose into the ␤-cell, followed by an increase in the intracellular adenosine triphosphate (ATP)/adenosine diphosphate (ADP) ratio as a consequence of glucose metabolism. Such an increase in ATP levels culminates in the closure of ATP-sensitive potassium channels localized on the plasma membrane, resulting in membrane depolarization and facilitation of the influx of extracellular calcium through the voltage-sensitive calcium channels, also localized on the plasma membrane. A net increase in intracellular calcium that occurs from the influx of extracellular calcium into the cytosolic compartment, in addition to the mobilization of intracellular calcium from its storage pools, has been shown to be essential for the transport of insulin-laden secretory granules to the plasma membrane for fusion and release of insulin

It is well established in most cells that transduction of extracellular signals involves ligand binding to a receptor, often followed by the activation of one or more guanosine triphosphate (GTP)-binding proteins (G-proteins) and their respective effector proteins
Instead, events consequent to glucose metabolism promote insulin secretion (see above). Changes in calcium concentration not only initiate insulin secretion, but also regulate activities of numerous enzymes, including protein kinases, phosphodiesterases, adenylyl cyclases, and PLases, leading to insulin secretion
. In addition to calcium-dependent protein kinases, several other kinases, including calmodulin-, cyclic nucleotide-and phospholipid-dependent protein kinases, tyrosine kinases and mitogen-activated protein kinases have been identified and characterized in the islet ␤-cell [14-17 and references therein]. The majority of these protein kinases mediate phosphorylation of endogenous ␤-cell proteins using ATP as the phosphoryl donor. They catalyse protein phosphorylation at serine (P-Ser), threonine (P-Thr) or tyrosine (P-Tyr) residues. As will be discussed in detail in the following sections, there have been numerous reports
Protein histidine phosphorylation in prokaryotes and eukaryotes
A growing body of experimental evidence demonstrates the existence of a number of biological systems that involve P-His. These include, but not limited to, the classical phosphoenolpyruvate-sugar phosphotransferase system that mediates the transport of glucose (and other sugars) across the bacterial cell as sugar phosphate (i.e. glucose-6-phosphate; reviewed in Reference
. Other classes of kinases involved in the N-linked phosphorylation, including arginine kinases, histidine kinases and lysine kinases, have also been identified and characterized (see Reference [18] for a detailed description of these signalling mechanisms).
It is also becoming increasingly evident that protein histidine phosphorylation plays major regulatory roles in mammalian cellular signal transduction [18, [27] [28] [29] [30] [31] [32] [33] . Several [18] , [27] [28] [29] [30] [31] [32] [33] and Table 1 
histidine kinases have been described in the mammalian cells including the nucleoside diphosphate kinase (NDPK), succinyl CoA-synthetase (SCS), histone H4 histidine kinases and the mammalian mitochondrial twocomponent histidine kinases (e.g. branched chain ␣-ketoacid dehydrogenase kinase and pyruvate dehydrogenase kinase). Some of the phosphoprotein substrates undergoing phosphorylation mediated by NDPK include aldolase, SCS, ATP-citrate lyase and the kinase suppressor of Ras (see References
Identification and characterization of histidine kinases in the pancreatic ␤-cell
Stability characteristics of phosphoamino acids
To date, the majority of phosphorylated amino acids identified include P-Ser, P-Thr and P-Tyr. Phosphoamino acids exhibit differential sensitivities to acidic and alkaline pH conditions [18, [27] [28] [29] [30] [31] [64] [65] [66] [67] [68] [28, 29] [28] and [29] for reviews and references therein). The reader is referred to several previous reviews [18, [27] [28] [29] [30] [31] [64] [65] [66] [67] [68] [69] ␤-subunit of trimeric G-proteins [38, 39] Chemotactic factor, CheA [19] Cystic fibrosis conductance regulator [40] Fructose-2,6-bisphosphatase [41, 42] Glucose-6-phosphatase [43] Isocitrate lyase [44] Kinase suppressor of Ras [45] Nitrogen regulation factor II [46] Nucleoside diphosphate kinase [32, 47] p-enolpyruvate-sugar phosphotransferase system [48] 6-phosphofructo-2-kinase [49] Phosphoglycerate mutase [50, 51] Physarium nuclear proteins [52] p38 in rat liver plasma membranes [53] P-selectin [54] Potassium channel KCa3. 1 [55] Pyrophosphatase [56] Ras-related protein associated with diabetes [57] Rat liver nuclear proteins [58] Succinic acid thiokinase [59, 60] 20S proteosome [61] Tiam1 guanine nucleotide exchange factor [62, 63] signal transduction in multiple cell types [27] [28] [29] [30] [31] , including the islet ␤-cell (see below).
Earlier studies from our laboratory have identified at least three distinct classes of histidine kinases [39, 47, 60, 70, 71] . The first group represents the classical NDPK-like enzymes [47, 71] 
Nucleoside diphosphate kinases (NDPK)
It was originally thought that NDPK is a housekeeping enzyme for the maintenance of intracellular NTP pools [72] . The first NDPK isoform was cloned and its crystal structure was deduced in Dictostelium. Recent studies have identified several NDPK gene products with a wide variety of cellular functions, including differentiation, growth and development, transcriptional regulation, tumor metastasis and programmed cell death [73] [74] [75] [76] [77] [78] [79] [80] . For example, nm23-H1, which encodes the human NDPK-A isoform, has been shown to be a suppressor of tumor metastasis [75] [76] [77] [78] [79] [80] . nm23-H2, which encodes the human NDPK-B isoform, has been identified as an element in the promoter region of cmyc oncogene and activates its transcription [81] [82, 83] . nm23-H5 is expressed specifically in the testes and has been implicated to play regulatory roles in spermatogenesis [84, 85] . Tsuiki et al. reported a novel isoform mitochondrial NDPK (i.e. nm23-H6) that has been implicated in cell growth and cell cycle progression [86] . In addition, nm23-H7 [87] and nm23-H8 [88] Table 3 ) [128] . This enzyme appears to have certain similarities with the yeast enzyme [125] , including molecular mass, which was estimated to be approximately 34-41 kD. This kinase [128] and the yeast histidine kinase [125] appear to be distinct from the islet histidine kinase [70; see 
SCS
Mitochondrial Phosphorylation mediated by NDPK (?)
Regulation of protein histidine phosphorylation in islet ␤-cells
Inhibitors of protein histidine phosphorylation
A relative lack of specific inhibitors hampered progress in this area considerably. Histidine site-modification reagents such as DEPC have been used to inhibit histidine phosphorylation (see above).
The reversal of such an inhibitory step by hydroxylamine was also studied in broken-cell preparations [38, 39] [130] [131] [132] [133] [134] . 
Additional work, specifically in the area of the development of structure-specific inhibitors of the mammalian histidine kinases, is needed to further evaluate the relative regulatory roles for histidine phosphorylation in islet signal transduction (see below).
Activators of protein histidine phosphorylation
Just as in the case of specific inhibitors of protein histidine phosphorylation, very little is known with regard to specific activators of protein histidine phosphorylation in the mammalian cells. The majority of the mammalian histidine kinases appear to require divalent cations for maximal activity (see above). In the context of the islet
Activation of histidine phosphorylation by Mas analogues
Mas, a tetradecapeptide isolated from wasp venom, is an activator of G-proteins [123, 124] . It has been suggested by Kikkawa et [70, 94, [140] [141] [142] . In addition, we have reported Mas-dependent stimulation of a high-affinity guanosine triphosphatase (GTPase) activity in the secretory granules purified from normal rat and human islets [99] . During the same time, Konrad [142] . Along these lines, we also observed that Mas analogues stimulated the P-His phosphorylation of the G␤-subunit in a structure-specific manner [70] . We noticed a significant stimulation in the P- 
Compartmentalized generation of GTP
Using specific inhibitors of inosine monophosphate dehydrogenase, Metz and colleagues [89, 90] [89, 90] .
Regulation of islet endogenous G-proteins
Although the precise molecular and cellular mechanisms underlying the role of GTP in GSIS remain to be defined, available evidence indicates that it might involve activation of one or more G-proteins endogenous to the islet ␤-cell (see the above descriptions, and References [63] . [148] . Together, these observations suggest novel GTPase-like properties of NDPK. [150] . No (Fig. 1) [153] . [122] . In 1996, we demonstrated that the [154] . [153] . [157] [157] . (Fig. 2) . A detailed description of our proposed model is provided in the caption to Fig. 2 
Using NIH-3T3 cells, Gallagher and coworkers have recently reported novel roles for NDPK in Rac-related cortical events as well as GTP-dependent intracellular vesicular trafficking [147]. Using immunofluorescence approach, they reported two distinct pools of cytosolic NDPK that appear to be differentially regulated. The first pool of NDPK associates with membrane ruffles and lamellipodia following cellular activation, which is elicited by serum supplementation, growth factors or bombesin. Interestingly, overexpression of activated Rac1, but not its inactive mutant, in these cells markedly promoted NDPK translocation to the cell cortex, thus mimicking the effects of cellular activation. The second pool of cytosolic NDPK appears to sequester around intracellular vesicles independent of cellular activation, but seem to be governed by microtubule integrity, and intracellular GTP levels [147]. These findings clearly suggest distinct regulatory roles of NDPK in cellular functions, including intracellular vesicular trafficking. Small G-proteins such as Ras have been implicated in human cancers. In specific cancerous cells, Ras proteins remain activated in their GTP-bound conformation since the bound GTP is resistant to hydrolysis due to mutations in the GTPase functional domain. Fischbach and Settleman [148] have recently reported the inactivation of oncogenic Ras proteins by NDPK. They also demonstrated the localization of an enzymatic activity in Escherichia coli (E. coli) extracts that can efficiently hydrolyse the mutationally activated GTP-bound Ras to its inactive GDP-bound conformation. Purification of this GTPase activity from the E. coli extracts led to its identity as NDPK. The purified NDPK effectively inactivated several Ras forms associated with human cancers including the RasD12, but not the wild-type Ras, or the other GTP-bound G-proteins belonging to the Rho subfamily
Finally, studies from Kahn's laboratory yielded additional regulatory roles for nm23 in cellular function. They first reported localization of a 35 kD protein, named Rad (Ras associated with diabetes) in skeletal muscle of type 2 diabetics [149]. Subsequently, they reported GTPase-activating protein (GAP)-like properties for nm23 towards Rad [57]. Immunodepletion of nm23 in human skeletal muscle cytosol completely prevented Rad-GAP activity, which was recovered following incubation with bacterial nm23. Furthermore, incubation of Rad-GDP with ATP yielded the active GTP-bound form via a transphosphorylation reaction catalysed by nm23. Together, these data suggest dual roles (i.e. modulation of GTP binding and hydrolysis) for nm23 in the regulation of Rad function. Interestingly, Rad also elicited direct effects on NDPK activity of nm23. Based on these observations, these investigators concluded that the interaction of nm23 and Rad provides a novel mechanism for bidirectional, bimolecular regulation in which nm23 stimulates both GTP binding and hydrolysis of Rad, whereas Rad regulates the activity of nm23 [57]. From the above discussion, it is apparent that nm23/NDPK signalling cascade plays central roles in cellular function, specifically at the level of functional regulation of small G-proteins. It is likely that such interactions between nm23/NDPK and small G-proteins (e.g. Rac1, Cdc42 and ARF 6, etc.) might be taking place in the pancreatic ␤-cell, as well. As stated above, numerous studies from different laboratories have documented evidence to suggest regulatory roles for these G-proteins in GSIS. Specifically, we have been able to demonstrate essential roles for Rac1 in signalling events leading to insulin secretion [33, 108, 115, 118, 119]. We also reported the localization of regulatory factors for glucose-induced activation of Rac1 in insulin-secreting cells, including the GDP-dissociation inhibitor (GDI; 121], and obtained evidence of regulatory roles for Tiam1 in glucose-induced Rac1 activation in islet ␤-cells (Presented at the 67 th Annual Scientific Session of the American Diabetes Association -held in Chicago in June, 2007.). Recent evidence from our laboratory further supports the formulation that nm23/NDPK exerts direct regulatory roles in GSIS. For example, we found that forced expression of the wild-type nm23-H1, but not its kinase-deficient mutant (H118F), markedly potentiated GSIS from INS 832/13 cells
for nm23/NDPK-mediated, Gprotein-sensitive signalling steps leading to GSIS in the islet ␤-cell. Potential roles for these histidine kinases as GEFs, GAP and other G-protein regulatory mechanisms (see the above discussion) remain to be determined in the islet. Follow-up studies are underway to further decipher the potential glucose-induced crosstalk between various islet G-proteins (e.g. Rac1, Cdc42 and ARF 6) and NDPK (e.g. nm23-H1, H2 and H4) to determine the roles for these signalling steps in insulin secretion.
Regulation of trimeric G-protein function by histidine phosphorylation The published evidence from several laboratories suggests functional activation of trimeric G-proteins via histidine phosphorylation [151, 152]. As recently reviewed by Hippe and Wieland [153], at least two potential mechanisms might exist for the activation of this class of G-proteins by NDPK/nm23-like enzymes. The first one involves the generation of GTP from ATP and GDP by NDPK in the close vicinity of the G-protein, which in turn, could be transferred onto the G␣-subunit via GTP/GDP exchange. The second mechanism might underlie the transphosphorylation of GDP bound to the G␣-subunit by NDPK/nm23 to GTP in the presence of intracellular ATP. While the first mechanism of activation still appears to be plausible, the second one was met with a considerable skepticism (see Reference [153] for a detailed discussion of this topic). Furthermore, a three-dimensional structural data analysis indicates that the P-His in the NDPK and the GDP bound to the G␣-subunit are deeply buried within their cognate structures, thus making the phosphotransfer from phospho-NDPK to GDP bound to the G␣-subunit rather unlikely
What then are the potential mechanisms whereby histidine phosphorylation leads to activation of trimeric G-proteins? It has been proposed that the G␤-subunit undergoes histidine phosphorylation; this phosphate, in turn, is transferred to GDP bound to the G␣-subunit to yield the GTP-bound active conformation (see the above sections for additional background information). Experimental evidence accrued in multiple cells, including the islet ␤-cell, in support of such a formulation is briefly described below. Original studies by Wieland and colleagues [38] have demonstrated that the G␤-subunit undergoes phosphorylation in HL-60 cell membranes in a GTP-dependent manner. They also suggested a requirement for an additional protein/factor for this signalling event to take place
G␤-subunit undergoes histidine phosphorylation in the membrane and secretory granule fractions purified from normal rat islets, human islets and clonal ␤-cell preparations [39]. In the reconstitution protocols involving the purified
More recent studies by Cuello et al. demonstrated [155] activation of trimeric G-proteins by a high-energy phosphate transfer from the histidine-phosphorylated NDPK to the G␤-subunit of trimeric G-proteins. Using the bovine retinal and brain preparations, these investigators observed that NDPK-B forms complexes with the ␤␥-subunits of trimeric G-proteins and contributes to the activation of the respective G-protein by increasing the high-energy phosphate transfer from a transiently phosphorylated G␤-subunit (at His-266 residue) to G␣-GDP, to yield an active, GTP-bound conformation (i.e. G␣-GTP). Additional studies along these lines by Hippe et al. provided further evidence in support of the above formulation that NDPK contributes to G-protein activation in intact H10 cells [156]. They found that overexpression of either NDPK-A or NDPK-B had no effects on the intracellular ATP, GTP, adenylyl cyclase or cyclic adenosine monophosphate (cAMP) levels. Overexpression of the ␣-subunit of the stimulatory G-protein (i.e. Gs␣) resulted in a significant increase in the intracellular cAMP levels, which was further potentiated in the cells overexpressing NDPK-B, but not NDPK-A. Overexpression of the kinasedead mutant of NDPK-B (H118N) inhibited Gs␣-mediated increase in cAMP levels. These studies also demonstrated association
Fig. 1 Functional regulation of small molecular weight-G-proteins (e.g. Rac1) in the islet ␤-cell: potential involvement of a histidine kinase. Recent evidence suggests key regulatory roles for small molecular weight-G-proteins (e.g. Cdc42, Rac1, Rap1 and ARF 6) in GSIS (see text for additional details). Recently, we have also identified additional regulatory factors in the islet ␤-cell that are involved in the activation of some of these G-proteins (e.g. Rac1). These include the GDP dissociation inhibitor (GDI), which remains associated with the GDP-bound Rac1 (inactive) in the cytosolic fraction [119, 121]. Upon receipt of appropriate signals consequent to glucose metabolism (e.g. biologically active lipids), Rac1 translocates to the membrane fraction where it is dissociated from the GDI to gain the GTP-bound active conformation. Our data also suggest that the GTP/GDP exchange is catalysed by guanine nucleotide exchange factors (e.g. Tiam1). The GTP-bound Rac1 then activates various effector proteins to generate downstream signals necessary for GSIS. Following this, the GTP bound to Rac1 is hydrolysed to GDP by its intrinsic GTPase activity. Although not identified in the ␤-cell, evidence in other cell types suggests that the GTPase activity is subjected to further activation by the GTPase-activating protein (GAP). Evidence in other cell types also suggests a potential interaction between the G-protein regulatory factors and NDPK, which might be necessary for the functional regulation of specific G-proteins. Our own observations in the islet ␤-cell indicate a potential association of small G-proteins with NDPK, which could mediate direct activation of these G-proteins via transphorylation of GDP to GTP. between NDPK and the ␤␥ complex. Finally, overexpression of NDPK-B, but not NDPK-A, in these cells resulted in a significant increase in the phosphorylation of the G␤-subunit. Together, observations of Cuello et al. [155] and Hippe et al. [156] clearly indicate that NDPK-B promotes activation of trimeric G-proteins. Based on these findings, these investigators proposed a mechanism for the receptor-independent activation of trimeric G-proteins
Lastly, studies by Marciniak and Edwardson in zymogen granule, indeed, shed further insights into the potential roles for histidine phosphorylation in the control of exocytosis
Together, it is plausible that nm23/NDPK-like enzymes that we characterized in the islet ␤-cell (Table 1) could subserve the function of histidine phosphorylation of key proteins, leading to the generation of appropriate signals necessary for physiological insulin secretion, including fusion of insulin-laden secretory granules with the plasma membrane. In addition, our previously published evidence [39] indicating that the incubation of phosphorylated G␤-subunit with G␣-GDP accelerated the dephosphorylation of the G␤-subunit, accompanied by the formation of G␣-GTP, further substantiates such a formulation. Taken together, based on our own observations in normal rat islets, human islets and clonal ␤-cells and their subcellular fractions (e.g. plasma membrane and secretory granules), we propose a model for glucose-induced, non-receptor-mediated activation of trimeric G-proteins in the islet ␤-cell
Following hydrolysis of the GTP bound to the G␣-subunit by its intrinsic GTPase activity, the G␣-GDP reassociates with the ␤␥-complex to complete the activation cycle. Not shown in the figure is the possibility of a membrane-associated NDPK (nm23-H2; Table 2) mediating the phosphorylation of the G␤-subunits (see text for additional details and relevant citations in this area).
Regulation of the mitochondrial function via protein histidine phosphorylation
As reviewed above, available evidence suggests that P-His regulates functional activation of several enzymes on intermediary metabolism, including ATP-citrate lyase, aldolase, SCS and fructose-2,6-bisphosphatase (see Table 1 for a list of some of these enzymes that are relevant to glucose metabolism in the islet ␤-cell). Recent data from our laboratory have identified potential association between SCS and mNDPK in the insulin-secreting cells [71] [159] [160] [161] [162] [163] . Three previous studies from our laboratory provided evidence in support of the localization of G-proteins in the mitochondrial fractions isolated from normal rat islets and clonal ␤-cells. In the first study, we have detected significant amounts of high-affinity GTPase activity in the normal rat islet mitochondrial fraction [96] . In the second study, we observed enrichment of prenyl-cysteine methyltransferase activity in the mitochondrial fraction derived from INS-1 cells; this enzyme carboxylmethylates and activates specific G-proteins in a GTP-sensitive manner [164] . In the third study, we reported immunological evidence to indicate the localization of specific Rho subfamily of small G-proteins (e.g. Rac) in isolated mitochondrial fractions from ␤TC3 cells [112] . Based on these findings, we propose that mNDPK could play contributory roles in maintaining the GTP/GDP ratio in the 'vicinity' of candidate GTP-binding and/or other GTP-requiring proteins. [112] , markedly decreased (> 70%) SAMEinduced insulin secretion. Furthermore, exposure of these cells to GGTI-2147, a selective inhibitor of the requisite prenylation of Rac1 and Cdc42, significantly reduced (80%) SAME-induced insulin release, suggesting that post-translational prenylation of these proteins is necessary for SAME-induced insulin release [112] . Western blot analysis indicated the localization of Cdc42, Rac1 and Ras in the ␤-cell mitochondrial fraction. Confocal microscopy revealed a modest, but inconsistent, increase in the association of either Rac1 or Cdc42 with Mitotracker (Invitrogen, Carlsbad, CA (USA)), a mitochondrial marker, following exposure to SAME. These data suggest that the activation of pre-existing intra-mitochondrial Rac1 and Cdc42 may be sufficient to regulate SAME-induced insulin secretion. It is reasonable then to speculate that intra-mitochondrial GTP, derived potentially from mNDPK, is utilized for the activation of mitochondrial G-proteins. Together, these findings support a role for G-proteins in insulin secretion at a step dependent on the mitochondrial metabolism [112] . [165] .
The above formulation is further supported by our findings suggesting inhibition, by G-protein inhibitors, of insulin secretion elicited by mitochondrial fuels such as the succinic acid methyl ester (SAME). Pre-incubation of insulin-secreting ␤TC3 cells with Clostridium difficile toxin-B, which monoglucosylates and inactivates Cdc42 and Rac1
They also identify mevalonate-derived, isoprenoid-modified (i.e. geranyl-geranylated) Rho G-proteins as specific signalling molecules in insulin secretion; these findings further substantiate the succinate mechanism of insulin release originally proposed by Fahien and MacDonald
In addition to the activation of mitochondrial G-proteins, GTP is also required for the optimal functioning of other mitochondrial proteins such as the GTP-specific SCS activity that we have characterized in the ␤-cell previously [60] . Studies by Alarcon et al. [166] and Kibbey et al. [158] further characterized SCS in the islet ␤-cell and provided additional insights into the regulatory roles for this enzyme in the islet function. For example, Kibbey et al. provided conclusive evidence to suggest that mitochondrial GTP regulates GSIS [158] . They demonstrated that siRNA-mediated suppression of the GTP-producing pathway markedly reduced (by 50%) GSIS in INS-1 832/13 cells. Based on these and other supporting evidence, these investigators concluded that mitochondrial GTP plays an important role in insulin secretion, possibly involving intra-mitochondrial calcium [158] . On the basis of these findings, one might ask the question if SCS represents the primary source of GTP in the islet ␤-cell, which is essential for GSIS to occur [89, 90, 143] . As demonstrated clearly by Kibbey et al. [158] , it would definitively serve as the main source for the mitochondrial GTP (also see above for a detailed discussion). Along these lines, earlier studies by Alarcon and coworkers [166] identified SCS activity in the cytosolic fraction derived from normal rat islets. Such an activity represented nearly 25% of the total SCS activity in islets, thus raising a possibility that it might serve as a source for GTP in the cytosolic fraction as well. In this context, studies by Metz and colleagues [89, 90] [169, 170] [171] .
Regulation of ion channels
Recently, Srivastava et al. [55] [157] .
Regulation of isoprenoid metabolism
It also appears that it is involved in the regulation of the mitochondrial function (e.g. G-protein activation) and key enzymes of intermediary metabolism (e.g. SCS). Regulatory roles of this signalling step in other cellular functions, including ion channel activation, remain to be explored (see below).
Protein histidine phosphatases
In a manner akin to protein histidine kinases, a growing body of evidence appears to suggest the localization of protein histidine phosphatases in prokaryotes as well eukaryotes (see Reference [24] for a review). The SixA protein, consisting of 161 amino acids chain length with an arginine-histidine-glycine signature at the Nterminus, from E. coli was the first bacterial histidine phosphatase that has been implicated in the histidine-aspartate phosphorelay mechanisms [173] . In 1993, Ohmori et al. reported the localization of a 150 kD protein in rat brain with a dual 6-P-Lys and 3-P-His phosphatase properties [174] . Protein phosphatases with similar catalytic functional properties were also reported in rat tissues by Wong et al. [175] . A series of investigations from Matthews' laboratory have identified protein phosphatases 1, 2A and C as protein P-His phosphatases [176] . These studies also determined inhibitory constants for various known inhibitors of phosphatases (e.g. inhibitors 1, 2, okadaic acid and mictocystin-LR) against PHis dephosphorylation using phosphorylated histone IV as the substrate [18, 176] . As appropriately pointed out by these investigators, potential caveats in these studies include the non-specific nature of the chemical inhibitors used to characterize the putative histidine phosphatases.
The observations from Klumpp's laboratory have provided additional insights into P-His phosphatases in the mammalian cells [27, 177, 178] . In 2002, they reported the identification and functional characterization of vertebrate P-His phosphatase from rabbit liver [27] . Based on extensive studies, including amino acid analysis and inhibitor sensitivity, these investigators concluded that this phosphatase is distinct from other known phosphatases acting on P-Ser, P-Thr or P-Tyr. This phosphatase appears to be highly expressed throughout different tissues. More recent investigations by these researchers suggested that this 16 kD phosphatase mediates the P-His dephosphorylation of ATP-citrate lyase [177] .
In this context, Maurer et al. have provided evidence to implicate that the aforementioned P-His phosphatase catalyses the dephosphorylation of the G␤-subunit, as well [179] . Using [181, 182] . We previously investigated the potential abnormalities in protein histidine phosphorylation in islets derived from GK rats [183, 184] (16.7 mM) concentrations [185] . Such effects of galparan were independent of extracellular calcium and were also insensitive to pertussis toxin. Interestingly, galparan also stimulated insulin secretion in islets derived from the GK rats to a comparable degree seen in normal rat islets. The reversible nature of defects in insulin secretion seen in GK rat by Mas [184] and galparan [185] [186] and Maechler and Wollheim [187] . Fig. 1 for additional details) .
Conclusions and future research
Also, it is likely that protein histidine phosphorylation plays a critical regulatory role in the activation of trimeric G-proteins in the pancreatic ␤-cell (Fig. 2) . I described evidence [39] [69] . In this study, they utilized four different mass spectrometric fragmentation techniques for the detection and quantitation of histidine phosphorylated samples. These methods include, collision-induced dissociation, electron-capture dissociation, electron-transfer dissociation and electron-detachment dissociation. As a logical extension to these studies involving synthetic peptides, they also utilized these methodologies for the detection and quantitation of P-His phosphorylation in tryptic digests of the cytoplasmic domain of the histidine kinase EnvZ, which undergoes autophosphorylation at a histidine residue. In the same study, they introduced a new method for non-retentive solid-phase extraction of histidine phosphorylated peptides using polymeric Strata-X microcolumns [69] . While 
